Although anatomical studies (1, 2) reveal that collateral connections establish themselves in various body regions following ligation of the main artery to that region, we have only a limited knowledge concerning the magnitude, time of development and pressure relations of such collaterals. Accordingly, experiments were designed to study these phenomena following acute and chronic ligation of femoral, carotid and coronary arteries.
made in the same and in different dogs in a manner similar to that described for the femoral and carotid arteries, and for periods extending from a few seconds to seven days after ligation. Acute experiments. Typical retrograde flows and pressures from carotid, femoral and coronary arteries at periods varying from one minute to six hours following ligation are shown in table I. Immediately after occlusion these values are small. However, within a minute carotid and femoral retrograde pressures and flows increase and continue to increase for hours (cf. expt. 1). In figure 1 (A and B) , within 15 seconds following femoral ligation, the peripheral pressure drops from the control femoral pressure of MO/130 mm. Hg to 20/20 mm. Hg and the pulse disappears. However, within 30 seconds in C a definite pulse is present and the pressure is 39/37 mm. Hg. In subsequent records the pressure and pulse continue to rise, rapidly at first in D (after 12 minutes' occlusion) and then more slowly until after 90 minutes (E) the pressure is 98/93 mm. Hg. Such a pulse bears no resemblance to the central femoral pulse and its rise follows the latter by 0.03 second. With such an increase in retrograde pulse and pressure the retrograde flow rises from IO cc. per minute in B to 50 cc. per minute in E. Once open, such collaterals tend to remain patent for in F the femoral ligature was removed for one hour. In G the ligature is replaced and the retrogra.de pressure drops only to 72 mm. Hg in contrast to the 20 mm. Hg following the first occlusion. Furthermore, a small pulse is present, and within 7 minutes the pressure of 98/94 mm. Hg in I is equal to that (98/92 mm. Hg) present 90 minutes after the initial occlusion.
Similar changes in retrograde pressure and flow occur following acute carotid artery occlusion, figure 1, (J, K, L, M) with the following differences : 1, the carotid peripheral pressure always has a sizable pulse; 2, its limit of rise is reached more quickly, and 3, the pulse is patterned after the central carotid pulse.
On the other hand, contrasting with the rapid collateral development in the femoral and carotid arteries, is the small initial and slow increase in collateral function after coronary artery occlusion. (See table 1 and fig. 2 .) In measurements on 17 dogs in which the mean blood pressure varied from 60 to 117 mm, Hg and the weight from 7 to 27 kgm., the flow varied from 0.5 to 5.8 cc. per minute, with only 4 of the values below I cc. per minute. With an average mean blood pressure of 84 mm. Hg, an average weight of 14.6 kgm., the average retrograde flow is 2.2 cc. per minute. The high flow is 5.8 cc, per minute with a weight of 18 kgm. and a blood pressure of 103 mm. Hg. The low flow is 0.5 cc, per minute with a weight of 10.5 kgm. and a blood pressure of 112 mm. Hg.
As evident in t'able 1, experiment 7, these values may slowly increase in any one heart during the first hour after occlusion. Figure 2 (A) was taken a few minutes after occlusion of the left descendens. The chest was then closed and normal respiration restored for 6 hours, at which time (fig+ 2, B), in spite of considerable fall in aortic blood pressure and a constant peripheral coronary pressure, the flow increased slightly from 1.9 to 2.5 cc. per minute. table 1, and figures 2 and 3 . After a few days of femoral and carotid artery occlusion the retrograde pulse and flow are large, but not much greater than after a few hours.
However, after long-sustained occlusion the femoral retrograde pressure and flow become very large and the contour of the pulse resembles that of the central femoral pulse. In figure 3 A, after 250 days of occlusion, the retrograde pulse is 160/125 mm. Hg and the flow is 200 cc. per minute.
Similar changes occur in the chronically occluded carotid artery ( fig. 3 , B, occluded 152 days).
In both pulses, however, a. considerable time lag is still present. rise in retrograde pressure and flow most of the myocardial area normally fed by an occluded coronary artery does not contract. However, within a minimum of 7 weeks such ischemic areas do contract and values for retrograde pressure and flow are still further augmented (4).
Responses of collaterals to diferent circulatory conditions. The effects of venous ligation, increased venous return, augmented blood pressure and neosynephrine on retrograde pressure and flow were studied. Similar results were found by other investigators (2). Increased venous return and elevated blood pressure likewise augment both the retrograde pressure and flow in the acutely and chronically occluded femoral and carotid arteries.
In figure 3 C the femoral artery has been ligated for 90 minutes and the peripheral pulse is constant.
Following an infusion of Locke's solution the retrograde pressure rises from 61/51 to 82/62 mm. Hg and the retrograde flow increases from 28 to 58 cc. per minute.
Although neosynephrine usually increases both the retrograde pressure and flow, figure 4 shows that it may have a dual effect. The upper curves show an initial decrease of retrograde pressure in spite of a slight increase in aortic blood pressure, following intravenous neosynephrine.
The lower curves show the usual effect. Following coronary sinus ligation both the retrograde coronary artery pressure and flow are increased (3, 5) . Likewise, augmented venous return and increased blood pressure increase the retrograde coronary artery pressure and flow in the acutely and chronically occluded artery.
(See fig. 2 (D and E) and table 1, expts. 10 and 7.)
Finally, the source of the retrograde flow was investigated by measuring the resulting changes in such flow following temporary occlusion of potential sources.
As indicated in table 1, experiment 11, the retrograde flow from the acutely occluded left descendens artery decreased markedly following occlusion of the circumflex artery. After the circumflex artery was again released the retrograde flow increased in spite of a further fall in blood pressure. Similarly, the retrograde flow from the chronically occluded circumflex artery decreased by 33 per cent following occlusion of the left descendens artery (expt. 12).
DISCUSSION.
The general trend of collateral extension in the three typical arteries is summarized in schematic form in figure 5. In the occluded femoral artery the pulse disappears, the flow drops to a very low value, to be replaced within a few seconds by a rapidly rising pulse and flow during a period of hours, and by a more slowly rising pulse and flow during days and weeks. The.carotid artery behaves similarly except that a pulse is never lost, the retrograde pressure and flow do not sink to such low levels and more quickly approach their orignial value and contour. In the coronary artery, however, the retrograde flow is at first small and remains so for hours; the pulse may be smaller or larger than before occlusion, but is always at a lower diastolic level. The diastolic flow and pressure gradually rise to sizable values within a few days (2-6) ; the pulse with the same or different contour may have the same, smaller or greater magnitude.
The above indicates that the rate of collateral development in various body regions is influenced to a different extent by various factors. The mechanisms for the collateral reactions in figure 5 are 1, the opening of preexisting but non-functioning collaterals by a combination of differential pressure, metabolites, and nerve action, and 2, the formation of new collaterals.
In the peripheral femoral and carotid arteries the existence of the initial rapid rise of the peripheral pressure and flow immediately after occlusion is evidence that the collaterals involved at this stage preGxist.
The main initial impetus to their opening is presumably the augmented differential pressure, since I, the collaterals function within a few seconds after occlu- fig. 1 , B and K), and 3, procedures which increase further mechanically the differential pressure such as femoral vein ligation and elevation of systemic blood pressure (in the case of the carotid) give marked elevation of the peripheral pressure and flow.
The reason for the failure of the peripheral flow in an occluded coronary artery to increase for a number of hours and then only slowly in contradistinction to the femoral and carotid arteries is not known. Apparently the differential pressure is adequate and may approximate that in the carotid and femoral, while that in the right coronary may be even higher. For example, in figure 2 A the differential pressure averaged about 90 mm. Following coronary artery occlusion the peripheral coronary diastolic pressure rises within 2 to 6 days and may, as in the case of the carotid and femoral arteries, be regarded as definite evidence of collateral extension. However, in contradistinction to the femoral and carotid arteries, the sizable pulse which persists after occlusion may show little or no increase as collaterals open. In other words, the pulse pressure here is not necessarily an index of collateral extension, but rather the resultant of various factors tending to make the pulse larger or smaller. The increased functioning of many small, deeply embedded coronary collaterals promotes the diastolic filling of the coronary bed and thus increases the systolic pressure and pulse. However, large superficial collaterals may acquire the central coronary pulse which is usually smaller than the peripheral coronary pulse.
Previous reports indicated that shortly after occlusion of the descending artery the retrograde flow ranges from 0.5 cc. (4) to 1.5 cc. (6) per minute. In the present experiments the retrogrhde flow from the acutely occluded left descendens artery is larger, with a range of 0.5 to 5.8 cc. per minute. The use of morphine and ether for anesthesia may explain the larger back flows reported here. Previous work (7) based on the small decline in peripheral coronary artery pressure following clamping of potential sources, was interpreted to mean that the other coronary arteries were not the source of the retrograde flow. The present studies confirm the magnitude of the decline of peripheral coronary artery pressure following ligation of potential sources of collateral flow, but actual measurements of retrograde flows show that, like coronary arteries occluded for many weeks (4), the major source of retrograde flow may be other coronary arteries. The most probable explanation for failure of the peripheral coronary pressure to decrease is that after occlusion the coronary bed is so poorly filled during diastole that further reduction in diastolic filling by ligat.ing a coronary collateral is insufficient to affect the diastolic pressure and hence the pulse pressure.
SUMMARY
The time rate of collateral development has been studied in the femoral, carotid and coronary arteries, by means of the retrograde pressure and flow.
In the femoral artery immediately after occlusion the retrograde pressure and flow approximate 20 mm. Hg and 10 to 15 cc. per minute, respectively.
Inmediately, a small pulse appears and these values rise rapidly for a few hours and then more slowly for days and weeks until pulse and flow may approach those existing in the other intact femoral artery.
In the carotid artery the initial retrograde pressure and flow are somewhat greater than in the femoral artery; a pulse is always present and these approach more quickly the normal for the other carotid. Following coronary occlusion the retrograde flow is nearly constant at values between 0.5 to 5.3 cc. per minute and then after some hours it, together with the peripheral diastolic pressure, increases very slowlv to
.? obtain sizable values in a week or so. for many coronary weeks, the major source of such retrograde flow may be the other arteries.
As in coronary arteries occluded
Evidence is given to indicate that initial retrograde flow is due to increased differential pressure opening pregxisting collaterals.
The mechanism for further collateral extension is not known.
In addition to the flow, the rise of the peripheral diastolic pressure in all the arteries and the peripheral pulse in femoral and carotid may serve as an index of collateral extension.
The peripheral pulse and retrograde flow are elevated following.increased venous return and augmented blood pressure, but may be either increased or decreased by neosynephrine.
